Introduction
It is well known that dusty circumstellar envelopes are a rich radio source, resulting in the detection of a series of molecules [1] [2] [3] . For example, the carbon star IRC +10216 is particularly rich in long linear carbon chains and is the source where the polyacetylenic radicals C n H ( = 4, 6, 8) [4, 5] and C n N ( = 3, 5) [6, 7] have been discovered. Beside neutral and cationic molecules, more recently and unexpectedly, molecular anions like C 4 H − , C 6 H − and C 8 H − as well as C 3 N − and C 5 N − have been detected in the interstellar medium and identified by comparison with laboratory experiments [8] [9] [10] [11] [12] . Since their discovery in space, these anions have been the subject of intense experimental and theoretical studies and have also motivated this work. Here, we report the gas phase vibrational spectra of cryogenically cooled C 2n+1 N − anions with = 1-5.
Mass spectrometric investigations of laser-ablated cyano-group containing solids and of soot or graphite arcing in a N 2 atmosphere disclosed CN − and C 3 N − as major products [13] . For C n N − clusters an odd/even effect has been observed in which the anions containing an odd number of carbon atoms are more stable, due to their closed electronic shell [13, 14] . Electronic and vibrational absorption spectra of C 2n+1 N − ( = 1-4) have mainly been investigated in raregas matrices [15] [16] [17] [18] [19] . Initial matrix studies on C 3 N − generated via cyanoacetylene dissociation were uncertain regarding the assignment of infrared (IR) absorptions to the anion [16, 17, 20] . Later, more detailed investigations on C 3 N − in different rare-gas matrix environments combined with coupled cluster calculations managed to assign most of the observed IR transitions [18] . The C 5 N − anion has also been investigated by IR matrix-isolation spectroscopy and its IR-active vibrational transitions have been identified based on comparison to density functional theory (DFT) calculations [15] . Experimental as well as theoretical investigations on larger C 2n+1 N − anions ( > 2) are scarce. In their matrix studies, which mainly focused on the electronic transitions of C 2n+1 N − ( = 2-6) anions, Grutter et al. [19] also reported the IR absorption spectra of the smaller anions and found evidence for a few IR transitions for C 5 N − , C 7 N − and C 9 N − . Garand et al. and Yen et al. [21, 22] investigated the anion photoelectron spectra of the C n N − ( = 2-6) clusters using slow electron velocity-map imaging (SEVI) and determined adiabatic electron affinities for C 3 N and C 5 N, as well as vibrational frequencies for the fundamentals of the degenerate cis (538 cm −1 ) and trans (208 cm 
) anions using coupled cluster theory combined with large basis sets and predicted, among other spectroscopic constants, their equilibrium structures as well as harmonic ( = 1-6) and anharmonic ( = 1-3) vibrational frequencies [18, 24] . All investigated anions exhibit linear equilibrium geometries and singlet 1 + ground states, in agreement with the DFT calculations of Pascoli and Lavendy [23] . We use gas phase infrared photodissociation (IRPD) spectroscopy to characterize the vibrational transitions of C 2n+1 N − anions with = 1-5 in the spectral region of the C≡C and C≡N stretching modes. The vibrational action spectra are measured by monitoring the IR-photoinduced loss of D 2 -messenger molecules from C 2n+1 N − ⋅mD 2 complexes as a function of the photon energy. The IRPD spectra are assigned on the basis of a comparison to previously calculated vibrational frequencies from coupled cluster theory [18, 24] .
Experimental and computational details
IRPD experiments were performed on an ion-trap tandem mass-spectrometer, described in detail elsewhere [28, 29] . Briefly, C n N − m anions are produced by reactive sputtering of a graphite target (Kurt J. Lesker) within a magnetron sputter source [30] . Ar-and N 2 -gas are used for the reactive sputtering process which leads to formation of C n N m clusters in different charge states. Cluster aggregation occurs in a He-atmosphere (6.0, Linde AG). The beam of anions passes a skimmer held at variable potential and is collimated in a He-filled radio-frequency (RF) decapole ion-guide. The ions of interest are mass-selected in a quadrupole massfilter (Extrel CMS), deflected into 90 ∘ by an electrostatic quadrupole ion-deflector and focused into a linear ring-electrode RF ion-trap. The trap is filled with pure D 2 buffer gas and held at 15-20 K using a closed-cycle He cryostat in order to avoid condensation of the D 2 gas. Trapped ions are vibrationally cooled by collisions with the buffer gas close to the ambient temperature. At sufficiently low ion-trap temperatures the formation of ion-messenger complexes, i.e. C n N − ⋅mD 2 , via three-body collisions is observed [31, 32] . After the trap is filled for 99 ms all ions are extracted from the trap and focused both temporarily and spatially into the center of the extraction region of a time-of-flight (TOF) mass-spectrometer, where they are irradiated by a tunable wavelength IR laser pulse. IR excitation is performed using pulsed laser radiation in the The IR laser pulses enter the vacuum chamber through a KBr window. IRPD spectra are recorded by monitoring all ion intensities simultaneously as the photon wavelength is scanned. The photodissociation cross section is determined from the relative abundances of the parent and photofragment ions, p ( ) and f ( ), respectively, and the frequency-dependent laser fluence (assuming a constant interaction volume throughout the range of scanned wavelengths) ( ) according to [34] :
The number of attached D 2 molecules depends on the trapping conditions, the temperature of the trap as well as the nature of the parent ion. For the best signalto-noise ratio trapping conditions are chosen such that the highest intensity of the tagged-complex is achieved, leading typically from one to up to three D 2 molecules per complex. IRPD spectra are generated by summing over the photodepletion signals from all D 2 complexes.
Electronic structure calculations using the coupled cluster method including single and double excitations (CCSD) [35, 36] and the Dunning's correlationconsistent aug-cc-pVTZ [37] [38] [39] (avtz) basis set are performed using the Gaussian 09 program package [40] . The previously reported structures of the bare anions [24] serve as input for our geometry optimizations. To account for anharmonic effects as well as systematic errors on the harmonic force constants, a scaling factor is determined for the harmonic frequencies by comparing the experimental IRPD bands of C 2n+1 N − ⋅mD 2 ( = 2-5, = 1-4) with the ones predicted for the pure anions. Optimal scaling factors ( ) are determined by a least-square proce-dure, minimizing the residual [41] :
Where is the total number of modes for all anions and and theor are the th experimental fundamental frequency and the th theoretical harmonic frequency (in cm −1 ), respectively. The optimized scaling factor is used to determine an overall root-mean-square, rms [41] :
The dissociation energy of C 3 N − ⋅D 2 is calculated at the same level of theory and is corrected for the basis set superposition error using the counterpoise correction of Boys and Bernardi [42] . Rotational band profiles are simulated using the rotational constant obtained from our calculations on C 3 N − ⋅D 2 ( = 2500.59 MHz, D 2 attached to the C-site) and assuming a change of the rotational constant in the excited vibrational state of 0.5% ( 2 mode) and 1% ( 1 mode) [43, 44] as inputs for the PGopher software [45] . The spectra are convoluted using a Gaussian line shape function with FWHM of 4.5 cm −1 to account for the laser bandwidth (∼2.5 cm
as well as other effects. odd/even effect [13, 14, 46] . While C n N − clusters with an odd are more stable and thus more abundant than those with an even , the situation is reversed for
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clusters, where those with even are more abundant.
IRPD spectra of C 2 +1 N − ⋅mD 2 complexes
The D 2 -predissociation spectra of C 2n+1 N − ⋅mD 2 (1 ≤ ≤ 5, 1 ≤ ≤ 3) complexes from 1850 to 2400 cm −1 are shown in Figure 2 . The spectra are spliced together from individual scans over the two emission ranges of the IR lasers. As these emission ranges overlap by almost 100 cm −1 the presence of absorption bands in this region aids in the determination of the relative peak intensities as the spectra are combined. This is the case for all systems studied here except for
In this case the relative intensities were obtained using Equation (1). Figure 2 compares the experimental spectra with the previously reported CCSD(T)
anharmonic (for = 1-3) and scaled harmonic (for = 4, 5) vibrational frequencies [18, 24] . Table 1 damentals of the pseudosymmetric ( 1 ) and pseudoantisymmetric ( 2 ) combinations of the C-C and C-N triple bond stretching local modes. Table 1 ). The calculations on the bare C 5 N − predict only three bands within our scanning range, two with a higher intensity centered at 2203 cm Table 1 ). A fifth transition is predicted at 2157 cm −1
( 2 ), which is not observed in the IRPD spectrum. However, this transition is predicted to be very weak (44 km/mol), explaining why it is not resolved in the experimental spectrum in Figure 2d .
The largest anion investigated in this study is C 11 N − ⋅mD 2 ( = 1-2). Its gas phase IRPD spectrum in the range from 1920 to 2300 cm −1 is shown in Figure 2e together with the predicted scaled harmonic frequencies and intensities (see also (2131 cm −1 ) modes are not predicted to be substantially IR active and are also not resolved in our IRPD spectra.
Band contours
Additional structure in the form of asymmetric band shapes is observed in the IRPD spectra of the smallest two C n N − anions shown in Figure − also show considerable broadening due to rotational excitation, but the individual rotational branches are not as well resolved. For the larger clusters no rotational structure is resolved anymore, since the rotational constants decrease as the length of the carbon chain increases.
The influence of the messenger molecules
In order to investigate, to what extent the D 2 -messenger molecules perturb the geometric structure and the associated vibrational frequencies, we determined CCSD/avtz equilibrium bond lengths and harmonic vibrational frequencies of bare C 3 N − as well as the N-and C-site C 3 N − ⋅D 2 complexes (see Tables 2 and 3 ).
The global minimum-energy structure of bare C 3 N − , as well as those of larger [24] is linear and N-terminated [18, 22] . For the messenger-tagged C 3 N − anion, D 2 binds collinear to either the terminal Catom (C-site) or N-atom (N-site). The C-site complex is preferred by ∼1 kJ/mol. Complexation to D 2 leaves the C 3 N − bond lengths (<0.01 Å, see Table 2 ) and vibrational frequencies (≤2 cm −1 for the stretching modes, see Table 3 ) nearly unchanged. Hence, the perturbation of the IR spectrum is predicted to be small and crease substantially with chain length [24] , the interaction with D 2 and thus its influence on the IRPD spectrum is stronger for the longer chain anions. We checked for such effects by comparing the ion yields of the product mass channels corresponding to C 2n+1 N − anions tagged with one, two and three D 2 ligands. Figure 4 shows an example for C 3 N − ⋅mD 2 and C 9 N − ⋅mD 2 ( = 1-3). The detected shifts are less than 1 cm −1 , again indicating a negligible perturbation of the IRPD spectrum.
Comparison to IR matrix isolation results
With the exception of C 11 N − the anions investigated here have previously been studied by direct IR absorption spectroscopy of matrix-isolated species. The frequencies of the detected vibrational transitions, which were attributed to C n N − anions, are listed in Table 1 . In general, a reasonable agreement is observed between the matrix IR and the gas phase IRPD data. The gas phase to matrix red shifts Δ − of less than −12 cm Ne-matrix, respectively, was tentatively attributed to a matrix-mediated higherorder resonance between the fundamental frequency of the stretching vibration 1 and the third overtone of the cis bending mode 4 ( 4 = 4) [18] . No such transition is observed in our gas phase spectra, confirming its matrix-mediated nature. Furthermore, our results also support the conclusion of Kołos et al. [18, 20] − (see Table 1 ). The position of these bands are very close to the gas phase values, with gas to matrix shifts of less than −4 cm −1 .
Summary and conclusions
The IRPD spectra of C 2n+1 N − ⋅mD 2 ( = 1-5, = 1-4), measured in the C-C and C-N triple bond stretching region, are reported and assigned based on a comparison to CCSD(T) vibrational frequencies. An absolute deviation between experimental and predicted anharmonic CCSD(T)/vqz+ frequencies of 21 cm −1 or less is found and the predicted intensity ordering of the individual IR active transitions is confirmed. A scaling factor of 0.9808 is determined for harmonic CCSD(T)/vqz+ frequencies, yielding frequencies with comparable deviations to those from the anharmonic calculations. Comparison to the results from previous IR matrix isolation studies allows us to determine a gas phase to matrix shift for the stretching vibrations of Δ − ≤ −12 cm −1 . Moreover, the present gas phase IRPD spectra allow the identification of additional, in particular weaker, IR active transitions.
These results of the present study should prove beneficial in future attempts to detect these species in the interstellar medium as well as in predicting the IR spectra of related compounds.
